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and shroom are localized at TJs (Citi, Sabanay, Jakes, Geiger, & Kendrick-Jones, 1988; Gumbiner, Lowenkopf, & Apatira, 1991; Hildebrand & Soriano, 1999; Stevenson, Siliciano, Mooseker, & Goodenough, 1986) . These F-actin-binding proteins regulate the formation and maintenance of the apical junctional complex through the reorganization of F-actin associated in these structures.
Afadin (also known as an Afdn gene product) was originally purified as an F-actin-binding protein from the cytosol fraction of rat embryonic brain (Mandai et al., 1997) . It was purified as two variants, and the larger and smaller ones with molecular masses of 205 and 190 kDa were named l-afadin and s-afadin, respectively (Mandai et al., 1997) . Afadin displayed a primary amino acid sequence similar to that of the human ALL-1 fused gene from chromosome 6 (AF-6) gene product. The AF-6 gene was identified as a fusion partner of the lysine-specific methyltransferase 2A (Kmt2a) gene (alias ALL1) in pediatric acute myeloid leukemia with chromosome translocation (Prasad et al., 1993) . The putative AF-6 gene product lacked the C-terminal 61 amino acids compared with s-afadin. Instead, the AF-6 gene contained an intron sequence in its C-terminus. Therefore, the AF-6 gene product is now considered not to exist in nature. l-Afadin has multiple domains, including two Rasassociation (RA) domains, a forkhead-associated (FHA) domain, a dilute (DIL) domain, a PSD-95-Dlg-ZO-1 (PDZ) domain, three proline-rich (PR) regions, and an F-actinbinding (FAB) domain in this order from the N-terminus, although s-afadin lacks the third PR domain and the Cterminal FAB domain, as shown in Figure 1 . Thus, afadin is largely classified into two groups: l-afadin with the FAB domain and s-afadin without this domain and the third PR domain. l-Afadin is expressed widely in all tissues thus far examined whereas s-afadin is specifically expressed in the brain (Mandai et al., 1997) . Through the PDZ domain, both l-afadin and s-afadin bind to the cell adhesion molecule (CAM) nectin, which comprises a family with four members (nectin-1, nectin-2, nectin-3, and nectin-4) through their cytoplasmic tails (Takai, Ikeda, Ogita, & Rikitake, 2008a; Takai, Miyoshi, Ikeda, & Ogita, 2008b) . In addition to nectin, many proteins, including Rap1 small G protein, p120 ctn , PLEKHA7, ZO-1, ponsin, ADIP, LMO7, and drebrin, bind to l-afadin through its respective binding domains (Asada et al., 2003; Boettner, Govek, Cross, & Van Aelst, 2000; Hoshino et al., 2005; Kurita, Yamada, Rikitsu, Ikeda, & Takai, 2013; Linnemann et al., 1999; Mandai, Rikitake, Shimono, & Takai, 2013; Mandai et al., 1999; Miyata et al., 2009b; Ooshio et al., 2004 Ooshio et al., , 2010 Rehm, Panzer, van Vliet, Genot, & Linder, 2013; Tachibana et al., 2000; Takahashi et al., 1999) . Physiological functions of afadin have been investigated mainly by two strategies: one is to use systemic and conditional knockout (KO) mice and the other is to use cultured cells, such as Madin-Darby canine kidney (MDCK) cells, EpH4 mouse mammary epithelial cells, L fibroblasts (L cells), NIH3T3 cells, and human umbilical vein endothelial cells (Kanzaki et al., 2008; Kurita et al., 2013; Miyata et al., 2009a Miyata et al., , 2009b Nakata et al., 2007; Ooshio et al., 2007 Ooshio et al., , 2010 Sato et al., 2006; Tawa et al., 2010; Yamada et al., 2006) . Studies using KO mice have revealed that afadin is required not only for cell adhesion, but also for cell polarization, migration, differentiation, and survival (Ikeda et al., 1999; Zhadanov et al., 1999) . Of these functions, the modes of action of afadin in cell adhesion have been most extensively investigated using cultured cells (Miyata et al., 2009a; Ooshio et al., 2010; Sato et al., 2006) . In fibroblasts, l-afadin binds to nectin and regulates the formation of AJs cooperatively with another CAM N-cadherin (Fujito et al., 2005) . In epithelial cells, l-afadin binds to nectin and regulates the formation of AJs cooperatively with another CAM E-cadherin and its interacting molecules, such as β-catenin, αE-catenin, and p120 ctn , and the formation F I G U R E 1 Schematic representation of the domain structure of l-afadin, s-afadin, and AF-6 and the binding partners of l-afadin. l-Afadin, s-afadin, and AF-6 have multiple functional domains, which are common among them: two Ras-association (RA) domains, a forkhead-associated (FHA) domain, a dilute (DIL) domain, a PSD-95-Dlg-ZO-1 (PDZ) domain, and two proline-rich (PR) regions. In addition to these domains, lafadin has one more PR region and an F-actin binding region, whereas s-afadin has a short region containing 4 amino acids in the C-terminus. As for AF-6, the 61 amino acids C-terminal region of s-afadin are deleted and intron sequences are retained. Asterisk indicates unpublished data
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of TJs cooperatively with the CAMs junctional adhesion molecules (JAMs), occludin, and claudins and their interacting molecules, such as ZO-1, ZO-2, and ZO-3 (Ooshio et al., 2010; Sato et al., 2006) . The current model for the molecular mechanisms for the formation of the apical junctional complex in polarized epithelial cells is as follows (Indra, Hong, Troyanovsky, Kormos, & Troyanovsky, 2013; Takai et al., 2008a Takai et al., , 2008b Wu, Kanchanawong, & ZaidelBar, 2015) : (i) nectin first trans-interacts with each other to induce cell-cell adhesion; (ii) afadin then binds to the trans-interacting nectin and also to non-trans-interacting nectin and promotes the trans-interaction of the non-transinteracting nectin; (iii) afadin, which is bound to nectin, further binds αE-catenin and p120 ctn and recruits non-transinteracting E-cadherin, which binds β-catenin, to the nectinbased cell-cell adhesion sites; (iv) the non-trans-interacting E-cadherin recruited there trans-interacts with each other, resulting in the formation of AJs; and (v) during the formation of AJs, the nectin-based cell adhesion first recruits JAMs and then occludin and claudin through the interaction of afadin with ZO-1, resulting in the formation of TJs. In these ways, afadin regulates the formation of the apical junctional complex in polarized epithelial cells, but the role of the F-actin-binding activity of l-afadin in this regulatory activity remains unknown. We investigated here the role of the F-actin-binding activity of l-afadin in the formation of AJs and TJs using cultured EpH4 cells. For this purpose, we first generated the cultured EpH4 cells in which afadin was genetically ablated. Re-expression experiments with full-length l-afadin or the l-afadin mutant lacking the FAB domain in the afadin-deficient EpH4 cells have revealed that the F-actinbinding activity of l-afadin is required for enhancing the formation of AJs and TJs.
| RESULTS
| Generation of afadin-KO EpH4 cells
We previously investigated the role and mode of action of afadin in the formation of AJs and TJs using cell lines, including MDCK cells, EpH4 cells, and L cells, in which afadin was knocked down by RNAi or shRNA (afadin-KD MDCK cells, afadin-KD EpH4 cells, and afadin-KD L cells) (Kurita et al., 2013; Ooshio et al., 2007 Ooshio et al., , 2010 Sato et al., 2006; Yamada et al., 2005 Yamada et al., , 2006 . In these cells, the expression level of the afadin protein was markedly reduced, but the expression was not completely abolished. We showed using these afadin-KD MDCK cells that the immunofluorescence signals for the AJ and TJ proteins, including E-cadherin, claudin-1, occludin, JAM-1, and ZO-1, were more rapidly concentrated at the boundary between the neighboring wild-type cells than at the boundary between the afadin-KD cells in a Ca 2+ switch assay . We also showed using afadin-KD EpH4 cells that the signals for E-cadherin and p120 ctn at the boundary between the neighboring afadin-KD EpH4 were reduced, compared to those at the boundary between the neighboring wild-type EpH4 cells (Kurita et al., 2013) . Based on these observations, we concluded that afadin enhances the formation of AJs and TJs (Ooshio et al., 2010; Sato et al., 2006) . In these experiments using these afadin-KD cells, however, we could not exclude the possible involvement of the residual l-afadin protein in the formation of AJs and TJs.
To exclude this possibility, we first generated EpH4 cell line in which afadin was knocked out using CRISPR/Cas9-mediated gene editing (afadin-KO EpH4 cells). In Western blotting, l-afadin, but not s-afadin, was expressed in the wild-type EpH4 cells, whereas neither l-afadin nor s-afadin was detected in the afadin-KO EpH4 cells (Figure 2a) . In immunofluorescence microscopy, the immunofluorescence signal for l-afadin was concentrated at the boundary between the neighboring wild-type EpH4 cells, whereas it was not observed at the boundary between the neighboring afadin-KO EpH4 cells (Figure 2b ). These results indicate that afadin is indeed ablated in afadin-KO EpH4 cells. It was noted that the expression levels of other AJ or TJ proteins, including nectin-1, E-cadherin, αE-catenin, claudin-3, and ZO-1, were not significantly different between the wild-type and afadin-KO EpH4 cells ( Figure 2a ).
| Requirement of l-afadin for enhancing the formation of the apical junctional complex
We then examined the concentration of the AJ and TJ proteins at the boundary between the neighboring cells by a Ca 2+ switch assay using the wild-type and afadin-KO EpH4 cells. In both the wild-type and afadin-KO EpH4 cells cultured in a normal medium, the immunofluorescence signals for all the AJ and TJ proteins, including nectin-1, l-afadin, E-cadherin, αE-catenin, claudin-3, and ZO-1, were observed at the boundary between the neighboring wild-type cells and at the boundary between the neighboring afadin-KO EpH4 cells (Figure 3aA -aC). When precultured at 2 μM Ca 2+ for 3 hr, both the wild-type and afadin-KO EpH4 cells displayed rounded shape and the signals for all these AJ and TJ proteins were not observed at the boundary between the neighboring wild-type cells and at the boundary between the neighboring afadin-KO EpH4 cells (Figure 3bA -bC). When these cells were recultured at 2 mM Ca 2+ for various periods of time, the signals for nectin-1, E-cadherin, and claudin-3 were concentrated at the boundary between the neighboring wild-type EpH4 cells in a time-dependent manner, but the levels of the signals for these molecules concentrated there were markedly reduced, but the signals did not completely disappear, at the boundary between the neighboring afadin-KO EpH4 cells (Figure 4aA -aC, arrowheads). The concentration of not only these CAMs but also their binding proteins, αE-catenin and ZO-1, was markedly reduced at the boundary between the neighboring afadin-KO EpH4 cells, compared to those at the boundary between the neighboring wild-type EpH4 cells, when these were recultured at 2 mM Ca 2+ in the normal medium for 4 hr (Figure 4bA-bC) . These results were consistent with the earlier observations and indicate that l-afadin enhances the formation of the apical junctional complex in EpH4 cells.
| Requirement of the FAB domain of l-afadin for enhancing the formation of AJs
We next examined whether s-afadin as well as l-afadin has the activity to enhance the formation of AJs. For this purpose, we generated afadin-KO EpH4 cells in which GFP-l-afadin or GFP-s-afadin was stably re-expressed (GFP-l-afadin EpH4 cells and GFP-s-afadin EpH4 cells, respectively). We performed the same Ca 2+ switch assay using these cell lines.
Re-expression of GFP-l-afadin in the afadin-KO EpH4 cells restored the concentration of the immunofluorescence signals for the AJ proteins, including nectin-1, l-afadin, E-cadherin, and αE-catenin, at the boundary between the neighboring GFP-l-afadin EpH4 cells to the levels observed at the boundary between the neighboring wild-type EpH4 cells (Figure 5a,b) . However, re-expression of GFP-s-afadin in the afadin-KO EpH4 cells did not completely restore the concentration of the signals for these proteins at the boundary between the neighboring GFP-s-afadin EpH4 cells. Of note, the restored levels of the signals for nectin-1, E-cadherin, and αE-catenin at the boundary between the neighboring GFP-s-afadin EpH4 cells were almost the same as that at the boundary between the neighboring afadin-KO EpH4 cells (Figure 5a,b) . To examine whether the much lower activity of s-afadin for the formation of AJs than that of l-afadin is due to a lack of the third PR domain and/or the FAB domain, we generated the afadin-KO EpH4 cells in which the GFP-l-afadin mutant lacking the FAB domain (l-afadin-ΔFAB) was stably reexpressed (GFP-l-afadin-ΔFAB EpH4 cells) and performed Genes to Cells
the same Ca 2+ switch assay using these cell lines. The restored levels of the signals for the AJ proteins, including nectin-1, afadin, E-cadherin, and αE-catenin, at the boundary between the neighboring GFP-l-afadin-ΔFAB EpH4 cells were similar to those at the boundary between the neighboring GFP-s-afadin EpH4 cell (Figure 5a,b) . These results indicate that the FAB domain of l-afadin is required for enhancing the formation of AJs. 
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F I G U R E 4 Requirement of l-afadin for enhancing the formation of AJs and TJs. (a) Time courses for the concentration of nectin-1, E-
cadherin, and claudin-3 at the boundary between the neighboring wild-type EpH4 cells and at the boundary between the neighboring afadin-KO EpH4 cells after the Ca 2+ switch to the normal medium. At 1 hr after the serum starvation, the wild-type EpH4 cells and the afadin-KO EpH4 cells were precultured at 2 μM Ca 2+ for 3 hr. Then, the cells were recultured at 2 mM Ca 2+ for 2, 4, or 8 hr. After fixation, the cells were stained with the indicated Abs. neighboring GFP-l-afadin EpH4 cells (Figure 5c ). However, re-expression of GFP-s-afadin or GFP-l-afadin-ΔFAB in the afadin-KO EpH4 cells did not completely restore the concentration of the signals for these proteins at the boundary between the neighboring GFP-s-afadin EpH4 cells and at the boundary between the neighboring GFP-l-afadin-ΔFAB EpH4 cells (Figure 5c ). These results indicate that the FAB domain of l-afadin is required for enhancing the formation of TJs. 
F I G U R E 4 (Continued)
| DISCUSSION
We first showed here using the afadin-KO EpH4 cells that lafadin regulates the formation of AJs and TJs, consistent with the earlier observations using the afadin-KD MDCK cells and the afadin-KD EpH4 cells (Kurita et al., 2013; Ooshio et al., 2007 Ooshio et al., , 2010 Sato et al., 2006) . We performed a Ca 2+ switch assay and showed that the immunofluorescence signals for the AJ and TJ proteins in the afadin-KO EpH4 cells, as well as the wild-type EpH4 cells, were concentrated at the boundary between the neighboring cells, although the levels of these signals in the afadin-KO EpH4 cells were far less than those in the wild-type EpH4 cells, consistent with the earlier observations using the afadin-KD MDCK cells, in which the residual afadin protein was detected. Therefore, we conclude that lafadin is required for enhancing the formation of the apical junctional complex in EpH4 cells. We previously showed that at least the signal for E-cadherin concentrated at the boundary between the neighboring afadin-KD MDCK cells is derived from its non-trans-interacting form and is concentrated there in a manner independent of afadin and a manner dependent on trans-interacting nectin . The signal for Ecadherin at the boundary between the neighboring afadin-KO EpH4 cells might be also its non-trans-interacting form. We then showed here by the same Ca 2+ switch assay using the GFP-l-afadin EpH4 cells, the GFP-s-afadin EpH4 cells, and the GFP-l-afadin-ΔFAB EpH4 cells that the FAB domain of l-afadin is required for enhancing the formation of AJs. Lorger and Moelling previously showed using MCF10A human mammary epithelial cells that the longer variant of the AF-6 gene product (AF6i3) more efficiently suppressed the wound closure and accelerated the accumulation of E-cadherin at the boundary between the neighboring cells in a Ca 2+ switch assay than the shorter variant of the AF-6 gene product (AF6i1) (Lorger & Moelling, 2006) . As AF6i3 used in this study contained the FAB domain of l-afadin but lacked the third PR domain of lafadin whereas AF6i1 lacked the third PR domain and the FAB domain of l-afadin, they proposed that the FAB domain links the E-cadherin-catenin complex to the actin cytoskeleton and stabilizes the E-cadherin-dependent adhesion during wound closure and the formation of cell-cell adhesion in the Ca 2+ switch assay. Our present results were consistent with these earlier observations, although the AF-6 gene product is now considered not to exist in nature. We previously showed using the L cells stably expressing nectin-1 or nectin-2 and the MDCK cells stably expressing nectin-1 that nectin first initiates cellcell adhesion and then recruits E-cadherin to the nectin-based cell-cell adhesion sites to form AJs at least through the interaction of l-afadin and αE-catenin, both of which are F-actinbinding proteins (Honda, Shimizu, Fukuhara, Irie, & Takai, 2003a; Honda et al., 2003b; Tachibana et al., 2000) . The present results together with these earlier observations raise the possibility that the FAB domain of l-afadin positively regulates the interaction of l-afadin and αE-catenin. We also previously showed using F-actin-disrupting agents that the actin cytoskeleton is required for the recruitment of the AJ proteins, including E-cadherin, β-catenin, αE-catenin, vinculin, α-actinin, ADIP, and LMO7, but not l-afadin, to the nectin-based cell-cell adhesion sites to form AJs in the MDCK cells stably expressing nectin-1 and that even in the presence of the F-actin-disrupting agents, l-afadin remains at this nectin-based cell-cell adhesion sites to form AJs (Yamada, Irie, Fukuhara, Ooshio, & Takai, 2004) . We further previously showed that the trans-interaction of nectin induces the reorganization of the actin cytoskeleton through the c-Src-Rap1-Cdc42/Rac1 signaling pathway and is required for enhancing the formation of AJs in MDCK cells
Genes to Cells SAKAKIBARA et Al. Fukuyama et al., 2005) . The present results together with these previous observations indicate that the F-actin-binding activity of l-afadin is involved in the reorganization of the actin cytoskeleton, which is required for the recruitment of the cadherin-catenin system to the nectin-afadin system, cooperatively with other F-actin-binding proteins. Similar to the role of the FAB domain of l-afadin in enhancing the formation of AJs, we showed here that this domain of l-afadin is also required for enhancing the formation of TJs. We previously showed that afadin recruits ZO-1 to the nectin-1 based cell-cell adhesion sites in a manner independent of αE-catenin (Yokoyama et al., 2001) , and that the binding of ZO-1 to l-afadin through the PR1-2 domain of afadin is required for enhancing the formation of TJs, but not AJs, in MDCK cells (Ooshio et al., 2010) , and that the actin cytoskeleton is required for the recruitment of the TJ proteins, including claudin-1, occludin, JAM-1, ZO-1, and MAGI-1, to the apical side of the nectin-based cell-cell adhesion sites to form TJs in the MDCK cells stably expressing nectin-1 (Yamada et al., 2004) . Collectively, it is hypothesized that the FAB domain of l-afadin positively regulates the binding of not only αE-catenin but also ZO-1 to l-afadin, and thus, the F-actin-binding activity of l-afadin is required for enhancing the formation of both AJs and TJs. However, it still remains elusive how the FAB domain of l-afadin regulates the binding of both αE-catenin and ZO-1 to l-afadin through their respective binding domains.
| EXPERIMENTAL PROCEDURES
| Cell culture
Mouse mammary epithelial EpH4 cells were maintained in Dulbecco's modified Eagle's medium (DMEM)/F12 supplemented with 2% fetal bovine serum (FBS), 5 μg/ml insulin, and 50 μg/ml gentamicin, and cultured at 5% CO 2 at 37°C. 
| Generation of afadin-KO EpH4 cells
EpH4 cells were transfected with target-specific CRISPR/ Cas9 Knockout Plasmids targeting for Afdn gene (Santa Cruz Biotechnology, Dallas, TX, USA), which contain the GFP gene cassette as a reporter, and cultured for 16 hr. After single GFP-positive cell was sorted into 96-well plates using BD FACSAria cell-sorting system (BD Biosciences, Franklin Lakes, NJ), the cell was cultured for 2 weeks in the medium where the fresh culture medium was mixed to the conditioned medium from EpH4 cells. Single cell-derived clones were then transferred into a single well in 24-well culture dishes. Finally, the clones of interest in which the Afdn gene was knocked out were screened by Western blotting.
| Plasmid construction
The cDNAs for mouse l-afadin and s-afadin were obtained from the cDNA libraries derived from EpH4 cells and mouse brain, respectively. The constructs of GFPtagged l-afadin and GFP-tagged s-afadin were cloned into the pCAGIPuro vector (pCAGIPuro-GFP-l-afadin and pCAGIPuro-GFP-s-afadin, respectively). From these two constructs, GFP-tagged l-afadin-ΔFAB (pCAGIPuro-GFPl-afadin-ΔFAB), which contains a part of the sequence of the l-afadin-specific region in addition to that of s-afadin, were constructed using standard molecular biology techniques. For the generation of GFP-l-afadin, GFP-s-afadin, and GFP-l-afadin-ΔFAB EpH4 cells, afadin-KO EpH4 cells were transfected with pCAGIPuro-GFP-l-afadin, pCAGIPuro-GFP-s-afadin, or pCAGIPuro-GFP-l-afadin-ΔFAB, respectively. After the selection of the transfected cells by 2.5 μg/ml puromycin, single cell-derived clones were established.
| Antibodies
A mouse anti-l-afadin monoclonal antibody (mAb) and rabbit anti-l/s-afadin and anti-l-afadin polyclonal antibodies (pAbs) were prepared as described (Mandai et al., 1997) . A rabbit anti-nectin-1 pAb for immunofluorescence staining was also prepared as described . The Abs listed below were purchased from commercial sources: a rabbit anti-α-catenin pAb (C2081; Sigma-Aldrich, St. Louis, MO); a rabbit anti-claudin-3 pAb (Invitrogen, Waltham, MA); a rabbit anti-GAPDH (14C10) mAb (Cell Signaling Technology, Danvers, MA); a rabbit anti-nectin-1 (for immunoblotting; sc-28639, Santa Cruz Biotechnology); a rat anti-nectin-1 mAb (for immunofluorescence staining; D146-3, MBL International, Nagoya, Japan); a rabbit anti-ZO-1 pAb (for immunoblotting; 61-7300, Thermo Fisher Scientific, Waltham, MA), and a mouse anti-ZO-1 mAb (for immunofluorescence staining; 33-9100, Thermo Fisher Scientific). A rat anti-E-cadherin mAb (ECCD2) was a kind gift from Dr M. Takeichi (Center for Developmental Biology, RIKEN). Horseradish peroxidase-conjugated secondary Abs used for Western blotting were purchased from GE Healthcare (Chicago, IL). Alexa Fluor-conjugated secondary Abs used for immunocytochemistry were purchased from Thermo Fisher Scientific.
| Western blotting
The cells were lysed in an immunoprecipitation assay buffer (20 mM Tris-HCl at pH 7.5, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 10% glycerol, 135 mM NaCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 10 mM NaF, 100 μM phenylmethanesulfonyl fluoride, 2 μg/ml aprotinin, 10 μg/ml leupeptin, and 1 mM Na 3 VO 4 ). The cell lysates were centrifuged, and the supernatants were mixed with an SDS sample buffer (60 mM Tris-HCl at pH 6.7, 3% SDS, 2% 2-mercaptoethanol, and 5% glycerol) and boiled for 5 min. Then, the samples were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to poly(vinylidene difluoride) membranes (Merck Millipore, Billerica, MA). After being blocked with 5% skim milk in Tris-buffered saline containing 0.05% Tween 20, the membranes were incubated with the indicated Abs. After being washed with Tris-buffered saline containing 0.05% Tween 20 three times, the membranes were incubated with horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG Abs. The signals for the proteins were detected using Immobilon Western Chemiluminescent HRP Substrate (Merck Millipore) and LAS-4000 luminescent image analyzer (Fujifilm, Tokyo, Japan).
| Ca
2+ switch assay
Ca 2+ switch assay was carried out as described . Briefly, the cells (2.5 × 10 5 ) were plated on 14-mm glass coverslips in 24-well culture dishes. At 24 hr after the plating, the cells were washed twice with DMEM/F-12 and cultured in DMEM/F-12 alone for 1 hr. Then, the cells were precultured at 2 μM Ca 2+ in DMEM/F-12 supplemented with 2% FBS, 5 μg/ml insulin, 50 µg/ml gentamicin, and 5 mM EGTA for 3 hr and then recultured 2 mM Ca 2+ in the normal medium for various periods of time.
| Immunocytochemistry
The cells were fixed with a fixative containing 2% paraformaldehyde, 4% sucrose, 1 mM sodium pyruvate, Hanks' balanced salt solution containing 1 mM CaCl 2 and 1 mM MgCl 2 (Thermo Fisher Scientific), and 10 mM HEPES (pH 7.3) at
37°C for 15 min. The fixed cells were permeabilized with 0.25% Triton X-100 in phosphate-buffered saline (PBS) for 10 min, and then blocked in PBS containing 10% goat serum at room temperature for 20 min. Then, the cells were incubated with primary Abs in PBS containing 20% BlockAce (DS Pharma Biomedical, Osaka, Japan) at 4°C overnight. After three washes in PBS at room temperature, the cells were incubated with Alexa Fluor-conjugated secondary Abs (Thermo Fisher Scientific) at room temperature for 45 min, followed by washing three times with PBS. The samples were then mounted in a FluorSave reagent (Merck Millipore). The images were acquired at a 0.4-μm step along the z-axis using a Nikon C2 confocal system (Nikon, Inc., Tokyo, Japan) with a Plan Apo 60×/1.2 numerical aperture water immersion objective lens (Nikon, Inc.) with 3× digital zoom. Maximum signal intensity projection images were obtained using ImageJ software.
